Hsp90 is an ATP-dependent molecular chaperone that controls a large set of client proteins [1] [2] [3] [4] [5] [6] . Approximately 20% of the proteome appears to directly or indirectly depend on Hsp90 (ref. 7). Hsp90 is a homodimer in which each monomer consists of an N-terminal domain (N domain, which contains the nucleotide-binding pocket 8 ) connected via a long charged linker to the middle domain (M domain). The C-terminal domain is responsible for dimerization 9 , which is a prerequisite for efficient ATPase activity [10] [11] [12] . The last five amino acids of Hsp90 form the MEEVD motif, which serves as the binding site for a large class of cochaperones containing a peptide-binding TPR domain 13 . ATP binding and hydrolysis, which are important for the function of Hsp90 in vivo [14] [15] [16] , are coupled to a slow conformational cycle in which the Hsp90 dimer progresses from an N-terminally open state to a closed state. The open state is V-shaped and involves dimerization via the C domains and no interaction of the N domains 17 . In the crystal structure of Hsp90 in the presence of the nonhydrolyzable ATP analog AMP-PNP, Hsp90 adopts a compact structure in which the N domains are also associated 18 . The conformational changes from the open to the N-terminally closed state are rate limiting and precede ATP hydrolysis 19, 20 . A fluorescence resonance energy transfer (FRET)-based kinetic analysis of the conformational cycle has revealed that Hsp90 adopts specific intermediate states 19 before it finally reaches a fully closed state in which ATP hydrolysis occurs. Specifically, after ATP binding, the so-called ATP lid in the Hsp90 N domain changes its position and exposes a hydrophobic N-domain patch that, together with its counterpart in the second monomer, stabilizes the N-terminally closed state 18 . Furthermore, this conformational change releases the contacts with the N-terminal helix, which subsequently binds to the N domain of the second subunit within the dimer. Once the N-terminal association is achieved, the Hsp90 N domains associate with the Hsp90 M domains and form the active ATPase. Some of the conformational states appear to be isoenergetic, and random fluctuations between states are possible 21, 22 . Several cochaperones target specific conformations of Hsp90 and thus reduce structural fluctuations; in addition, they modulate specific properties of Hsp90, such as its ATPase activity. Here, we used a set of yeast Hsp90 N-and M-domain mutants with reported effects on biological activity to gain insight into the importance of the timing of conformational transitions for Hsp90 functionality and client-protein processing. Our combined in vivo and in vitro assays demonstrated that the time spent in open conformations, together with the ability to proceed to the N-terminally closed state, is important for client processing and the essential functions of Hsp90 in yeast.
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Hsp90 is an ATP-dependent molecular chaperone that controls a large set of client proteins [1] [2] [3] [4] [5] [6] . Approximately 20% of the proteome appears to directly or indirectly depend on Hsp90 (ref. 7) . Hsp90 is a homodimer in which each monomer consists of an N-terminal domain (N domain, which contains the nucleotide-binding pocket 8 ) connected via a long charged linker to the middle domain (M domain). The C-terminal domain is responsible for dimerization 9 , which is a prerequisite for efficient ATPase activity [10] [11] [12] . The last five amino acids of Hsp90 form the MEEVD motif, which serves as the binding site for a large class of cochaperones containing a peptide-binding TPR domain 13 . ATP binding and hydrolysis, which are important for the function of Hsp90 in vivo [14] [15] [16] , are coupled to a slow conformational cycle in which the Hsp90 dimer progresses from an N-terminally open state to a closed state. The open state is V-shaped and involves dimerization via the C domains and no interaction of the N domains 17 . In the crystal structure of Hsp90 in the presence of the nonhydrolyzable ATP analog AMP-PNP, Hsp90 adopts a compact structure in which the N domains are also associated 18 . The conformational changes from the open to the N-terminally closed state are rate limiting and precede ATP hydrolysis 19, 20 . A fluorescence resonance energy transfer (FRET)-based kinetic analysis of the conformational cycle has revealed that Hsp90 adopts specific intermediate states 19 before it finally reaches a fully closed state in which ATP hydrolysis occurs. Specifically, after ATP binding, the so-called ATP lid in the Hsp90 N domain changes its position and exposes a hydrophobic N-domain patch that, together with its counterpart in the second monomer, stabilizes the N-terminally closed state 18 . Furthermore, this conformational change releases the contacts with the N-terminal helix, which subsequently binds to the N domain of the second subunit within the dimer. Once the N-terminal association is achieved, the Hsp90 N domains associate with the Hsp90 M domains and form the active ATPase. Some of the conformational states appear to be isoenergetic, and random fluctuations between states are possible 21, 22 . Several cochaperones target specific conformations of Hsp90 and thus reduce structural fluctuations; in addition, they modulate specific properties of Hsp90, such as its ATPase activity. Here, we used a set of yeast Hsp90 N-and M-domain mutants with reported effects on biological activity to gain insight into the importance of the timing of conformational transitions for Hsp90 functionality and client-protein processing. Our combined in vivo and in vitro assays demonstrated that the time spent in open conformations, together with the ability to proceed to the N-terminally closed state, is important for client processing and the essential functions of Hsp90 in yeast.
RESULTS

N-and M-domain mutations affect Hsp90's ATPase activity
The conformational transition from the open to the closed state is rate limiting in the ATPase cycle of Hsp90. We used N-and M-domain mutations with reported effects on the ATP turnover 23 and biological activity of yeast Hsp90 (refs. 12, 14, 15, 18, [24] [25] [26] [27] (Fig. 1a and Table 1 ) to probe the role of specific conformational rearrangements in Hsp90. These mutants affect binding interfaces in the N and M domains that are linked to distinct functional states of Hsp90. According to their ATPase activities, the mutants fell into three categories ( Fig. 1b and Supplementary Table 1 ). The first exhibited an increased turnover rate: A107N and ∆8-Hsp90 showed the strongest effect, and T22I showed a slight increase in ATPase activity. The second class included mutants with decreased ATPase activity, such as R346S and R380A. The third class included ATPase-deficient mutants, such as E33A and D79N. For most mutants, the K m values for ATP binding were comparable to those of the wild type (WT) (Supplementary Table 1 ). Interestingly, A107N and ∆8-Hsp90 exhibited a higher affinity for ATP, thus suggesting changes in the ATP-binding pocket.
The altered ATPase activities indicated that the conformational cycle was affected. We used the cochaperone Aha1 as a conformational sensor for structural alterations. Aha1 accelerates the cycle by promoting the formation of the unfavorable closed conformation 19, 28, 29 . All variants, except E33A and D79N, were stimulated by Aha1, albeit to a different extent ( Fig. 1c and Supplementary Table 1) . Interestingly, the R346S variant with inherently low ATPase activity exhibited a WT-like k cat value, thus demonstrating that conformational transitions preceding the formation of closed states are compromised in the absence of Aha1. In contrast, R380A, which exhibited an ATPase activity as slow as that of R346S, was stimulated only slightly by Aha1, thus suggesting that different conformational steps are affected.
Yeast viability does not require Hsp90 ATP hydrolysis
To investigate the biological consequences of the alterations in the conformational cycle of Hsp90, we tested the variants for their ability to support viability in a yeast strain in which both Hsp90 isoforms were deleted, and Hsp90 was provided in a plasmid 24 . Control experiments confirmed that after loss of the WT-URA plasmid, the strain could not grow on medium lacking uracil (Supplementary Fig. 1a) . Expression of the variants T22I, E33A, A107N and R346S supported viability similar to that of the WT protein (Fig. 1d,e) . The expression of the D79N and R380A variants caused lethality, as previously reported 14, 15, 27 . Surprisingly, in contrast to the results of previous studies [14] [15] [16] , we found that yeast cells expressing E33A as the sole source of Hsp90 were able to grow, although we detected no ATPase activity in vitro. To further investigate this effect, we tested the ability of the Hsp90 E33A mutant under control of the endogenous promoter to support growth of different yeast strains. We additionally performed tetrad dissections ( Supplementary Fig. 1b,c) . All of these experiments confirmed our initial findings. In contrast, the ∆8 Hsp90 variant was not able to support yeast viability despite its increased ATPase activity. Finally, although R380A and R346S displayed similar ATPase activities, only R346S supported viability. These results showed that the ability to hydrolyze ATP is not sufficient to confer the essential function of Hsp90.
Hsp90 mutants differ in accumulation of the closed state
To obtain insight into the structural consequences of mutating specific residues, we used small-angle X-ray scattering (SAXS) to determine the shapes of the Hsp90 variants (Supplementary Fig. 2 ). In the absence of nucleotide, WT yeast Hsp90 adopted an open conformation characterized by a broad distribution in the interatomic distance distribution (P(r)) curve ( Fig. 2a and Supplementary Table 2 ; radius of gyration (R g ) of 64.2 Å; maximum dimension (D max ) of 240 Å), as previously reported 30, 31 . Most variants tested showed a WT-like shape in the absence of nucleotide. The only exception was the lethal ∆8-Hsp90 mutant, which adopted a partly compact state, as indicated by the reduced R g of 61.9 Å and a redistribution of the P(r) to smaller distances. This mutant appeared to be closed to some extent even in the absence of nucleotide (Fig. 2a) .
In the presence of ATP-γS, a slowly hydrolyzed ATP analog, all variants displayed a narrow range of distribution in the P(r) curves, a result indicative of a more compact state (Fig. 2b) . ∆8 was further compacted, and the mutant E33A also showed a compact shape. Thus, E33A was able to undergo specific conformational transitions in response to binding ATP-γS. Compared with the WT protein, the R380A and R346S mutants were less efficient at adopting the closed state. 
Anti-Hsp90
Anti-PGK1 In the presence of ATP, ∆8, T22I, A107N and the ATPase-deficient mutant E33A showed a redistribution of distances in the P(r) curves, thus indicating that they adopted a more compact conformation, whereas the WT protein and R346S and R380A variants displayed open conformations (Fig. 2c) . Thus, the SAXS analysis showed that several of the mutants-particularly ∆8 and E33A, and to lesser extent T22I and A107N-exhibited scattering properties consistent with the increased presence of closed states, in contrast with the properties of the WT protein.
Structural effects of mutations in the N domain NMR 1 H, 15 N correlation spectra of the mutations within the N domain ( Supplementary Fig. 3 ) indicated mutation-specific conformational changes in the N domain, as evidenced by the chemical shift-changes between WT and mutants (Fig. 3a,b and Supplementary Fig. 4 ). The deletion of the first eight amino acids (∆8) led to substantial chemicalshift changes for residues in various regions of the N domain (Fig. 3b) . The other mutant with strongly increased ATPase activity, A107N, exhibited local changes in the lid and in helices α1 and α2. For the variant T22I, the same structural elements as in A107N were affected (Fig. 3b) . For both variants, various NMR chemical shifts, even those far from the location of the mutated residue, indicated a complex allosteric network of interactions in the N domain. T22 and A107 are located in helix α1 and the lid, respectively, and are involved in N-terminal closure of the full-length Hsp90 dimer (described below).
The two mutations that lacked ATPase activity showed distinct patterns. Whereas the E33A mutation affected all α-helices, D79N had more local effects in the β-sheet and in helix α2, results consistent with direct contacts being made to ATP 8 . The more widespread chemical-shift changes observed for E33A indicated that this residue is important for the overall conformation and dynamics of the N domain.
In the presence of ATP, changes for A107N and T22I were in the vicinity of the nucleotide-binding site (Fig. 3c) . As expected, E33A but not D79N responded to ATP (Fig. 3c) . ATP affected the β-sheet, helix α2 and the lid. We observed similar changes in the presence of AMP-PNP ( Supplementary Fig. 5 ), thus demonstrating that nucleotide binding is sufficient to induce structural changes in the E33A mutant.
The mutations affect distinct conformational steps
To probe whether the mutations affected the transition to the closed state, we used a FRET system in which the M and N domains in the dimer were labeled with a donor or acceptor dye, respectively 19 . After mixing of the components, all Hsp90 variants exchanged subunits and formed FRET complexes ( Supplementary Fig. 6 and Supplementary Table 3 ). Addition of ATP-γS to labeled WT Hsp90 induced N-terminal closing and concomitant increases in FRET efficiency and thus the population of the closed state of Hsp90 (ref. 19) (Fig. 4a) . All mutants except D79N showed changes in FRET efficiency in response to ATP-γS, thus indicating N-terminal closing ( Fig. 4a and Supplementary Table 2 ). As compared with the kinetics of the WT, the kinetics was equally fast or was accelerated for mutants with increased ATPase activity (∆8, T22I and A107N) and was decelerated for variants with Bottom, mutants for which significant differences in the P(r) were observed; top, mutants for which no differences or only minor differences were observed. Black, WT; yellow, A107N; blue, ∆8; green, T22I; purple, R346S; gray, R380A; red, E33A.
a r t i c l e s decreased ATPase rates (R346S and R380A). These findings were in line with the conformational changes being the rate-limiting events during the ATPase cycle 19, 20 .
In the presence of ATP, for WT Hsp90, the closed state is only marginally populated 19 , and thus we observed no change in the FRET signal. This observation was also true for A107N, R346S and D79N. However, for the lethal mutants ∆8 and R380A and the viable variants T22I and E33A, the acceptor fluorescence increased with the addition of ATP (Fig. 4b, Supplementary Fig. 6 and Supplementary Table 3), thus suggesting that the closed state is more favored in these mutants than in the WT. Interestingly, this effect was observed for mutants with higher as well as lower ATPase activities. Thus, the specific step in the cycle affected by the mutation, not the kinetics of the overall reaction, is important for biological function.
Mutants differ in the accumulation of closed conformations
To gain further insight into the nature of the N-terminally closed state, we performed chase experiments by adding an excess of unlabeled Hsp90 D79N to preformed Hsp90 FRET complexes. Because the disruption of the FRET complexes was strongly influenced by the N-terminal dimerization properties of Hsp90 variants 19 , we were able to test the stability of the closed state (Fig. 4c) . Without ATP, all variants showed kinetics with comparable half-lives ( Fig. 4c and  Supplementary Table 4) , thus implying similar C-terminal dimerization. When we used ATP-γS to induce the N-terminally closed state, all mutants, except D79N, responded with dramatically increased apparent half-lives of the FRET complexes ( Fig. 4c and Supplementary  Table 4 ). In the presence of ATP, the chase with unlabeled Hsp90 resulted in a complex disruption for WT, D79N and R346S, a result similar to that observed without nucleotide. However, we observed a dramatic increase in the half-lives of the FRET complexes for the lethal variants ∆8 and R380A, as well as for the ATPase-deficient mutant E33A. The effect was less pronounced for the variants T22I and A107N compared with Hsp90 WT. Thus, several mutants capable of hydrolyzing ATP (R380A, ∆8, T22I and A107N) displayed accumulation of N-terminally dimerized intermediate states under continuous cycling conditions and ongoing hydrolysis.
To characterize the intermediate states that accumulated, we assessed the binding of the cochaperone Aha1 to the variants in the presence of ATP. Aha1 accelerates conformational changes in Hsp90, thus leading to the closed-1 state 19 . As expected, all variants were able to bind Aha1 (Supplementary Fig. 7a ). When we preincubated the FRET complexes with ATP and Aha1, for all variants except R346S, the chase with unlabeled Hsp90 resulted in a slower complex disruption, as also observed in the absence of Aha1. However, the apparent half-lives of Hsp90 FRET complexes, except for that with D79N, differed from that of the WT in the presence of ATP and Aha1. We observed an additional increase for the variants ∆8, T22I, R380A and to a lesser extent A107N (Supplementary Fig. 7b ). Together, these results support the idea that the mutations influenced the conformational changes leading to the closed-1 state.
Mutations affect formation of closed-1 and closed-2 states
We had previously observed two different N-terminally dimerized conformations. In closed-1, the N domains are dimerized, but the N-M interaction is not yet fully formed 32 . In contrast, the closed-2 state exhibits the N-M interaction 33 . From the experiments above, we were unable to deduce which state was populated in the variants. Shifting residues whose endpoints could not be assigned in the complex are indicated by salmon spheres; unassigned residues in the free mutant or overlapping residues, which could not be assigned in the mutant, are in gray.
a r t i c l e s
To differentiate between the closed states, we used the cochaperone p23, whose binding is restricted to the closed-2 state 18, 34 . We performed analytical ultracentrifugation (AUC) to monitor the interaction (Fig. 5) .
Whereas all viable Hsp90 variants bound p23 in the presence of ATP-γS, similarly to the WT, the two lethal variants ∆8 and R380A bound more and less p23, respectively, and D79N did not bind p23 at all (Fig. 5a and Supplementary Fig. 8a ). For R380A, this result indicated a destabilization of the closed-2 state; moreover, the lower p23 binding of this mutant also occurred in the presence of ATP, and the closed-1 state appeared to accumulate under cycling conditions ( Fig. 5b and Supplementary Fig. 8b ). In contrast, the ∆8-variant exhibited an increased p23 binding consistent with a population of the closed-2 state in the presence of ATP (Fig. 5b and  Supplementary Fig. 8b ). However, without ATP, ∆8 did not bind to p23 (Supplementary Fig. 8c) . Furthermore, in the presence of ATP, p23 also bound to the variants T22I, E33A and A107N (Fig. 5b  and Supplementary Fig. 8b ). For E33A, the closed-2 state was the final conformation reached in the presence of nucleotide, because hydrolysis could not occur.
When we preincubated FRET complexes with ATP and p23, the chase with Hsp90 resulted in complex disruption for the D79N and R346S, a result similar to that observed for the WT (Fig. 5c  and Supplementary Table 4) . For the variants E33A and ∆8, we observed an increase in the half-lives of the FRET complexes ( Fig. 5c  and Supplementary Table 4) . We found a less pronounced effect for A107N, T22I and R380A compared with Hsp90 WT (Fig. 5c and  Supplementary Table 4) . However, the closed states of the variants A107N, T22I and R380A were not further stabilized by p23, because the half-lives were similar for those variants without p23 (Supplementary Table 4 ). These findings suggested that the mutations modulated the population of the closed-1 and closed-2 states.
Population of closed states decreases Hsp90 chaperone function
The mutations affected yeast growth to different extents. Some of the viable variants showed growth defects ( Fig. 1 and Fig. 6a) , such as T22I which grew slowly, thus confirming its temperature-sensitive phenotype 24 . We detected normal growth under physiological temperatures and sensitivity under increased temperatures for E33A. Only the R346S and A107N mutants behaved like the WT protein.
To test for specific functions of Hsp90, we induced DNA damage by UV light 35, 36 , which activates the Hsp90-dependent nucleotide excision repair machinery 35, 36 . Yeast cells expressing the T22I or E33A variants displayed increased sensitivity to UV damage, whereas those expressing A107N and R346S behaved similarly to the WT control (Fig. 6b) .
Furthermore, we determined the ability of the variants to activate the two well-established Hsp90 clients viral Src kinase (v-Src) and glucocorticoid receptor (GR) in yeast. Expression of active v-Src is toxic 37, 38 and inhibits yeast growth. The variants T22I and E33A showed reduced toxicity indicating impaired v-Src activation (Fig. 6c) , whereas the other Hsp90 variants tested (A107N and R346S) exhibited WT-like v-Src maturation. To assess GR activation in yeast, we used a β-galactosidase-based reporter assay 24 . GR processing was slightly reduced in cells expressing the T22I or E33A variants (Fig. 6d) . For T22I, this result was consistent with published data 24 . A107N a r t i c l e s and R346S supported WT-like maturation of GR. Thus, of the functional mutations, the variants E33A and T22I in particular appeared to broadly affect client protein processing.
To determine the reasons for these observations, we analyzed the interaction with GR by AUC. GR preferentially interacts with ATP-bound Hsp90 (ref. (Fig. 6e,f) . Surprisingly, the ∆8 variant also exhibited strongly reduced GR binding. Furthermore, for E33A, and to a lesser extent for T22I, GR binding was compromised in the presence of ATP, thus suggesting that mutants for which the closed-2 state accumulates in the presence of ATP show weaker client interactions. Without nucleotide, all mutants interacted similarly with GR ( Fig. 6f and Supplementary  Fig. 8d) . Thus, the binding site was not affected by the mutations. Only ∆8-Hsp90 bound strongly to the client protein, thereby indicating that the GR-interacting state had already accumulated.
DISCUSSION
In this study, we used a set of Hsp90 mutants exhibiting changes in ATP hydrolysis, cochaperone interaction, biological function and client binding 26, [39] [40] [41] to probe the conformational cycle of Hsp90. These mutants allowed us to elucidate the mechanism of this molecular machine, which is characterized by large and slow conformational transitions (Fig. 7a) . In this respect, the association of the N-terminal domains to form the closed-1 state and the subsequent interaction of the N and M domains to form the closed-2 state is important, because these processes are the rate-limiting steps of the ATPase cycle. The mutations are located in the N-terminal loop (which closes over the ATP-binding site), the N-terminal helix α1 and the N-M interface (which includes the catalytic loop (Pro375-Ile388)). Helix α1 is part of the N-terminal dimerization interface 18 . In the open state, helix α1 and the lid are in spatial proximity 8 . Closure of the lid and N-terminal dimerization are both coupled to ATP binding 12 .
Analysis of Hsp90 mutants has suggested that for viability of yeast cells, ATP hydrolysis is essential but that a range of ATPase activities of Hsp90 is tolerated 26, 40, 42 . Our study showed that, in agreement with previous reports, ATP hydrolysis is not required for viability, and even mutants with high ATPase rates 23 can be lethal 42, 43 . The most striking examples were ∆8 and E33A: ∆8 Hsp90 exhibited a two-fold increase in ATP turnover rate relative to that of the WT protein and was therefore expected to be a good substitute for WT Hsp90. However, this mutant was completely defective in vivo. In contrast, E33A bound ATP but did not hydrolyze it and therefore was expected to be catalytically dead. However, we found that yeast cells expressing only E33A Hsp90 were viable. These results cannot be explained on the basis of the current understanding of the Hsp90 cycle. Our mechanistic analysis revealed that the timing of the steps of the Hsp90 cycle is important. In this context, FRET experiments, SAXS and NMR analysis together with the effect of conformationsensitive cochaperones provided direct insight into the presence of specific conformational states.
∆8 Hsp90 was especially interesting in this context, because this mutant did not populate the open conformation as effectively as the WT protein. Instead, it exhibited a compact, N-terminally associated form. Thus, even in the absence of nucleotides, ∆8 appeared to be in the closed-1 state, whereas the addition of ATP induced the closed-2 state. This model is consistent with the differences between the mutant ∆8 and the WT protein seen in NMR chemical shifts that spread over the entire N-terminal domain in the absence of ATP, thus suggesting a different conformation that allows N-terminal dimerization (Fig. 3b) .
In contrast, the E33A variant unexpectedly did not hydrolyze ATP at detectable rates but supported growth. Our analysis showed that this mutant still responded to ATP binding with defined conformational changes. Ultimately, ATP binding led to the formation of the closed-2 state, because p23 bound in vitro and in vivo 39 . The D79N variant, in contrast, was not able to bind ATP ( Supplementary  Fig. 4) , could not undergo conformational changes and therefore was not able to support viability.
These findings suggest that the speed of the cycle plays a subordinate role in the function of Hsp90. Instead the conformations that are adopted along the way and, importantly, the time spent by Hsp90 in a specific conformational state are critical. Thus, the cycling between conformational states has tremendous consequences for the biological effects of Hsp90 (Fig. 7a) .
Together, our results revealed several characteristics of the conformational cycle: (i) Dramatic changes in ATP hydrolysis are tolerated if they allow conformational changes to occur, as observed for E33A and T22I (Fig. 7b) . These mutations apparently do not affect functionality to an extent that precludes viability, but they render yeast sensitive to stress.
(ii) The deceleration of the transition between the closed-1 and closed-2 states, as is the case of R380A, and the accumulation of the closed-1 state under cycling conditions, affects Hsp90 function (Fig. 7c) . (iii) Mutations that alter initial conformational changes of the chaperone can still support growth (A107N and R346S). (iv) The accumulation of closed states at the expense of open states is deleterious, and the respective mutants are dysfunctional even if they show ATPase activity, as is the case for ∆8 (Fig. 7d) . WT 109 s Viable I1 P P P P P P P PP PP P PP P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P PP P P P P P PP P P P P P P P P P P P P P P P P P P P P P P P P P PP P PP P P P P P P P P P P P P P P P P P P P P P PP P P P P P P P P P P P P P P P P P P P P P P P P PP P P P P P P P P 
a r t i c l e s
We found that mutations affecting the timing of the conformational transitions strongly impaired the biological function of Hsp90 regardless of their position. In this context, several mutants capable of hydrolyzing ATP (R380A, ∆8, T22I and A107N) exhibited accumulation of N-terminally dimerized intermediate states under continuous cycling conditions and ongoing hydrolysis. This finding was in line with the results of our SAXS experiments, in which ∆8, E33A, T22I and A107N, in contrast to WT Hsp90, tended to populate closed states in the presence of ATP. These results were consistent with NMR data for T22I and A107N, which showed similar chemical shift-changes that affected the N-terminal dimerization interface of Hsp90. The FRET experiments and cochaperone binding further demonstrated that these mutants exhibited accumulation of the closed-2 state, in contrast to the normal predominance of the open conformation in the presence of ATP 19, 22 . E33A, T22I and ∆8 bound less GR in the presence of ATP, thus suggesting that this conformation is not competent for efficient client binding.
Cochaperones can be used as conformational sensors to pinpoint defects in cycling. In the case of Aha1, we observed effects exclusively for mutants with defects in the transition from the open to the N-terminally closed state; these results were consistent with the function of Aha1 in promoting N-terminal closure 28 . Comparison of the mutants R380A and R346S provided further clues about important features of the conformational cycle. R380 is located in the so-called catalytic loop of the M domain, a structural element that contacts the ATP-binding site in the N domain, and R346 is part of the N-M interface formed after nucleotide binding. Both mutants led to an almost identical decrease in ATPase activity, to approximately one-third that of the WT. If ATP turnover were the critical determinant of Hsp90 function, then these mutants should behave similarly. However, the mutants showed opposite in vivo effects. Whereas the R380A substitution was lethal, R346S supported viability. What is the critical difference between the two mutants? Strikingly, Aha1 doubled the ATP hydrolysis rate of only R380A. In contrast, R346S was stimulated almost 80-fold, reaching a maximum velocity similar to that of the WT protein. Thus, R346S had difficulties in the transition from open to closed-1. In contrast, for R380A, this step was unaffected, but the subsequent formation of the closed-2 state was compromised and consequently led to the accumulation of the closed-1 state. Thus, although both N-M-interface mutants exhibited a slowed closing reaction, the precise point at which the defect occurred played a decisive role in the reaction.
The picture that emerges is that Hsp90 must populate the open and closed-1 conformations for a certain time for efficient client binding. This model is in accordance with results obtained for the interaction of the GR ligand-binding domain (LBD) with Hsp90, in which the use of nonhydrolyzable nucleotides has been found to reduce GR binding 31 . Thus, even if ATP turnover is possible, the functionality of Hsp90 can be compromised to an extent that excludes in vivo function, depending on how much time Hsp90 spends in certain conformations under cycling conditions. It is conceivable that some post-translational modifications may regulate Hsp90 by affecting this balance 44, 45 . In conclusion, the timing of the cycle, i.e., the time that Hsp90 spends in a certain conformation, determines the interaction with client proteins and thus Hsp90's in vivo function, regardless of the overall cycle speed.
METHODS
Methods and any associated references are available in the online version of the paper.
ONLINE METHODS
Cloning and protein purification. All Hsp90 point mutants were generated with QuikChange (Stratagene) site-directed mutagenesis with pET28a containing WT yeast Hsp82 as the template vector. The proteins were expressed in the Escherichia coli strain BL21(DE3) RIL (Stratagene) and were purified as described previously 44 and stored in 40 mM HEPES, pH 7.5, 150 mM KCl, 5 mM MgCl 2 (standard buffer) at −80 °C until usage. Hsp90 cochaperones and the GR LBD mutant were purified as described previously 31, 46 .
Protein labeling. Labeling of the Hsp90 cysteine variants was performed with ATTO-488 maleimide and ATTO-550 maleimide (ATTO-TEC), as previously described 19 . p23 was labeled via an engineered cysteine at position 2 with 5-iodacetamidofluorescein (Invitrogen) according to the manufacturer's protocol. Aha1 was labeled with 5(6)-FAM via a reactive succimidyl ester group bound to lysine (Invitrogen), according to the manufacturer's protocol. The GR LBD mutant was randomly labeled with ATTO-488 malemide (ATTO-TEC) on cysteine residues. Free label was removed via Superdex 75 FPLC (Pharmacia Biotech) as previously described 32 .
ATPase activity. ATPase assays were performed as previously described, with an ATP-regenerating system 47 NMR spectroscopy. All spectra were recorded on a Bruker AVIII 600 MHz spectrometer with a cryogenic triple-resonance gradient probe. A construct comprising the first 210 residues of yeast Hsp90 was used to record the 1 H, 15 N-HSQC spectra of the WT protein and the mutants ∆8, T22I, E33A, D79N and A107N. Protein concentrations ranged from 110 to 465 µM. In the case of the E33A and D79N mutants, 15 N-edited NOESY spectra were recorded to confirm assignments of the mutants. All spectra were acquired in a 20 mM sodium phosphate buffer, pH 6.5, containing 100 mM sodium chloride, 2 mM EDTA, 1 mM DTT and 5% D 2 O. For the Hsp90 WT N domain and the variants ∆8, T22I, E33A and A107N, spectra with a protein concentration of 300 µM in the presence of an excess of ATP (4 mM) and of 6 mM magnesium sulfate were measured. The mutants E33A and D79N were also measured in complex with a 2:1 excess of AMP-PNP. All spectra were processed with NMRPipe/Draw 48 and analyzed with CcpNmr analysis 49 . The chemical-shift perturbations (CSPs) were calculated according to the following formula, where δ is the proton (H) or nitrogen (N) chemical shift of the WT or mutant (mut):
Small-angle X-ray scattering. SAXS data for solutions of the nucleotide-free and ATP-and ATP-γS-bound forms of WT yeast Hsp90 and Hsp90 mutants were recorded on an in-house SAXS instrument (SAXSess mc2, Anton Paar) equipped with a Kratky camera, a sealed X-ray tube source and a twodimensional Princeton Instruments PI-SCX:4300 (Roper Scientific) CCD detector. The scattering patterns were measured with a 60-min exposure time (360 frames, each 10 s) for several solute concentrations ranging from 0.8 to 3.3 mg/ml (Fig. 4) . Radiation damage was excluded on the basis of a comparison of individual frames of the 60-min exposures, wherein no changes were detected. A range of momentum transfer of 0.012 < s < 0.63 Å −1 was covered
where 2θ is the scattering angle, and λ is the X-ray wavelength, in this case 1.5 Å. All SAXS data were analyzed with the ATSAS package (version 2.5). The data were processed with SAXSQuant (version 3.9) and desmeared with GNOM 50 . The forward scattering (I(0)), the radius of gyration, (R g ), the maximum dimension (D max ) and the interatomic distance distribution function ((P(r)) were computed with GNOM 50 . The masses of the solutes were evaluated by comparison of the forward scattering intensity with that of a human serum albumin reference solution (molecular mass 69 kDa).
Fluorescence measurements. Fluorescence spectra and subunit exchange were carried out as previously described 19 .
Nucleotide binding kinetics. To analyze the conformational rearrangements after nucleotide binding, Hsp90 heterodimers (400 nM) were formed by mixture of an equal amount of donor-labeled and acceptor-labeled Hsp90 in standard buffer. The experiment was started by addition of 2 mM nucleotide (ATP, ATP-γS, all from Roche), and the increase in fluorescence intensity was recorded with a Fluoromax 3 or Fluoromax 2 fluorescence spectrophotometer (Horiba Jobin Yvon) at 575 nm after excitement at 490 nm at 30 °C. The apparent rate constants of the conformational changes were determined by fitting the data to a monoexponential function with Origin software (OriginLab).
FRET chase experiments. After heterodimer formation, the subunit exchange was recorded by addition of a ten-fold excess of unlabeled Hsp90 D79N, and the decay of fluorescence intensity was recorded with a Fluoromax 3 or Fluoromax 2 fluorescence spectrophotometer (Horiba Jobin Yvon) at 575 nm after excitement at 490 nm at 30 °C. For experiments in the presence of different nucleotides (ATP and ATP-γS, all from Roche) and/or cochaperones (4 µM Aha1 or 4 µM p23), Hsp90 variants were preequilibrated 30 min in the presence of 2 mM of the respective nucleotide to allow the formation of the closed state. The apparent half-life of the reaction was determined by fitting the data with the function for exponential decay with Origin software (OriginLab).
Analytical ultracentrifugation.
To analyze the binding of fluorescein-Sba1, 5(6)-FAM-Aha1 and ATTO 488-GR to Hsp90, AUC was performed in a Beckman ProteomeLab XL-A (Beckman) equipped with a fluorescence detection system (Aviv Biomedica). Sedimentation-velocity experiments were performed with labeled protein supplemented with various combinations of unlabeled proteins in standard buffer at 42,000 r.p.m. A Ti-50 rotor (Beckman) was used at 20 °C. To determine the sizes of complexes, the raw data were converted to dc/dt profiles by subtraction of nearby scans and conversion of the difference into dc/dt plots, as previously described 51 . The plots generally correlated with those from the SEDVIEW dc/dt program 52 . dc/dt profiles were analyzed to determine the s values and the areas of the corresponding peaks.
In vivo function of Hsp90 variants. The in vivo function of the different Hsp90 variants was tested with a plasmid-shuffling approach based on a system described previously 24 . We used the ∆PCLDα Saccharomyces cerevisiae strain (a derivative of W303) obtained from S. Lindquist's laboratory 24 . This yeast strain is deficient in genomic hsp82 and hsc82 and contains a plasmid encoding hsp82 to rescue lethality. This plasmid, pKAT6, carries a URA selection marker, which enables selection for cells that had lost the WT Hsp82 plasmid in the medium supplemented with 5-FOA. Hsp90 WT and the mutant variants were constitutively expressed from a 2ì high-copy-number plasmid under the control of a constitutive glyceraldehyde-3-phosphate dehydrogenase gene (GPD) promoter (p423GPD vector). The cells surviving the shuffling were tested for loss of the URA plasmid by plating on selection medium lacking URA. To confirm the growth support by the Hsp90 E33A variant, several yeast shuffling strains were used 14, 15, 24, 39 .
